Data from prospective observational studies indicate that usual levels of blood pressure are directly and continuously related to the risk of stroke. The strength of this association has been substantially underestimated by many previous analyses that have not taken account of the "regression dilution bias;" correction for this increases by about 60% the strength of the association between blood pressure levels and stroke risk. From corrected analyses it is apparent that a difference in usual blood pressure levels of just 915 mmHg would ultimately confer about a one-third difference in stroke risk. The associations between blood pressure and stroke risk are of similar size in hypertensives and in normotensives. Moreover, because most strokes occur in normotensives, the stroke avoidance that is likely to be conferred by a downward shift in population blood pressure is actually greater in normotensives than hypertensives. For large populations in which stroke is common, a relatively small change in the average adult blood pressure could have large effects on stroke mortality and morbidity. In China, for example, a decline of 915 mmHg in the average adult blood pressure might be expected to prevent about 400,000 deaths from stroke each year; more than three quarters of the deaths prevented would have occurred in normotensive individuals. For individuals, the benefits of blood pressure reduction are likely to be greatest in those at highest risk of stroke. It is possible that blood pressure reduction among either hypertensives or normotensives with a history of cerebrovascular disease could confer particularly worthwhile effects. This hypothesis requires investigation in a large-scale randomised trial. (Hypertens Res 1994; 17: Suppl. I S23-S32)
Evidence about the effects of blood pressure on the risks of stroke and other vascular events derives from two main sources: prospective observationalstudies of vascular disease incidence and randomised trials of antihypertensive therapy. The observational studies provide data from which the effects or prolonged blood pressure differences can be estimated (1) whereas the trials provide data about the effects of short-term blood pressure reductions (2) . The focus of this paper is on evidence from prospective observational studies about the effects of prolonged blood pressure differences on stroke risk. Much of this evidence is derived from the results of a collaborative project (1) that involved 7 large prospective observational studies of stroke incidence in populations from North America, Europe, and Hawaii (3) (4) (5) (6) (7) (8) (9) . Collectively these studies included a total of about 400,000 individuals among whom a total of about 800 strokes were documented over an average of 10 years of followup.
Estimation of the Association between Blood Pressure and Stroke and Correction for the Regression Dilution Bias
In prospective observational studies, the associations of blood pressure levels with the incidence of stroke have typically been estimated by relating the measured blood pressure at the start of the study to the occurrence of stroke over the subsequent years of follow-up. In most studies, the participants were predominantly middle-aged or older when blood pressures were initially measured. Because of the phenomenon of blood pressure "tracking" (10, 11) , differences in blood pressure levels between these participants are likely to have already existed for at least a decade and are likely to have persisted during follow-up. Consequently these studies, if analysed appropriately, can provide information about the relationship between long-term usual blood pressure levels and the risks of vascular diseases such as stroke.
The analyses of most prospective observational studies have used "baseline" blood pressure measurements taken at one time only on entry to the study. Unfortunately, such measurements are subject to substantial random fluctuations, due both to the unreliability of the measurement process and to real but transient deviations of blood pressure from an individual's usual level. Consequently a considerable number of participants whose blood pressure is recorded at baseline as being particularly high or particularly low can be shown with repeated blood pressure measurements to have less extreme usual blood pressure levels. The distribution of usual blood pressure in a population is, therefore, narrower than the distribution of blood pressure measured on just one occasion in the same population. Such differences have important implications for estimation of the size of associations (12) . Specifically, usual blood pressure is more steeply associated with outcome than is baseline measured blood pressure. Consequently, any given difference in usual blood pressure is associated with a greater difference in stroke risk than is the same difference in baseline blood pressure. It is apparent, therefore, that random error in the estimation of usual blood pressure from baseline blood pressure results in systematic underestimation of the strength of associations between usual blood pressure levels and stroke risk. This phenomenon has been called the "regression dilution" bias (1) .
Measurements of blood pressure during follow-up were recorded in just a few prospective observational studies. However, the extent of the regression to the mean of blood pressure values in these studies provides a useful guide to that which could be expected in others. For example, when participants in the Framingham Study are divided into 5 groups according to their baseline diastolic blood pressure, the range of average diastolic blood pressure measurements was about two-thirds greater at baseline than after 4 years of follow-up (Table 1) . Similarly, the difference in average baseline blood pressure between consecutive groups was about 60% greater than the difference in average blood pres-sure measured 4 years later. The effect of this on estimates of the association between blood pressure and stroke is demonstrated in Fig. 1 . When stroke risk is plotted against diastolic blood pressure measured 4 years after baseline, the relationship is about 60% steeper than that suggested by the plot of stroke risk against diastolic blood pressure measured at baseline. The approximate size of this regression dilution bias has been confirmed by the results of at least two other studies with blood pressure measurements collected during follow-up (13, 14) . Since this bias also affects estimates of associations with systolic blood pressure, it is apparent that the importance of blood pressure -both diastolic and systolic-as a determinant of stroke and other vascular disease has been grossly underestimated in most previous analyses of prospective observational studies.
The Effects of Prolonged Differences in Usual
Blood Pressure on Stroke Incidence
The association of usual levels of blood pressure with the incidence of stroke has been examined in the 7 studies included in the collaborative project (1) mentioned above. these studies involved a total of 405,511 individuals aged 25 years or older who were not known to have had a myocardial infarction, a stroke or treated diabetes prior to the study baseline examination ( Table 1 ). The weighted average follow-up period for disease outcomes in these studies was 10 years. In all the studies baseline blood pressure was measured at a single visit either from one reading or the average of two readings using a standard mercury sphygmomanometer. Participants in each study were divided into 5 arbitrarily d efined groups according to baseline diastolic blood pressure (<80, 80-89, 90-99, 100-109, >109 mmHg) and disease risks were calculated for each of these categories relative to the overall risk in the entire study population. For all studies combined, relative risks for each of the categories were calculated by logistic regression analyses with adjustment for study and gender. Average usual (as opposed to baseline) blood pressure levels for each of the categories could not be calculated directly for all studies since follow-up measurements of blood pressure were available for only a few of the study populations. For this reason the 4 years post-baseline results of the Framingham Study were used as a guide to usual diastolic and systolic blood pressure levels in the other studies. As noted above, data from two other studies with follow-up blood pressure measurements (13, 14) suggest that the Framingham data on usual blood pressure levesl are likely to be reasonably representative of the other studies.
Primary Incidence of Stroke
Data on death from stroke were available from all 7 studies and data on non-fatal stroke were available from two studies. In total there were 843 strokes recorded, 599 of which were fatal. The relative risks of stroke in the 5 categories of baseline blood pressure are shown in Fig. 2 for the 7 studies in combination and in Fig. 3 for the studies individually. Fig, 1 . The relative risks of stroke for individuals in baseline diastolic blood pressure categories 1 and 5 plotted against average diastolic blood pressure at baseline and after 4 years: the Framingham Study (see Table 1 ). Table 1 ). Solid squares represent disease risks in each category relative to risk in the whole study population; size of squares are proportional to number of events in each DBP category; and 95% Cls for estimates of relative risk are denoted by vertical lines.
While the 95% confidence limits for the estimates of relative risk in most of the individual studies are wide, the confidence limits for the combined study data are much narrower and suggest an approximately constant relationship between blood pressure (both systolic and diastolic) and the risk of stroke (plotted on a doubling scale). This roughly "log -linear" relationship suggests that the percent difference in stroke risk associated with a given difference in blood pressure is similar at all levels of blood pressure within the range studied. Neither the individual study results nor the combined study results suggest that there is any threshold of systolic or diastolic blood pressure below which lower blood pressure levels are no longer associated with lower relative risks of stroke. However, so few strokes were observed in the lowest blood pressure category that it was not possible to assess reliably the relationship of blood pressure to stroke risk at levels of usual blood pressure below 76 mmHg diastolic and 123 mmHg systolic. Nevertheless it is apparent that among most individuals who would typically be classified as "normotensive", blood pressure levels were directly and steeply related to stroke risk. The strength of the association was not significantly different in those with usual blood pressure levels of about 155/95 mmHg or greater and in those with lower levels of usual blood pressure. From these results and from other analyses of the same data adjusted for age, blood cholesterol and smoking (1), it is evident that small but prolonged differences in blood pressure have quite marked effects on the risk of stroke ( Table 2 ). A 5 mmHg lower diastolic pressure together with a 9 mmHg lower systolic pressure confers about a one-third lower risk of stroke, whereas a 10 mmHg lower diastolic pressure together with an 18-19 mmHg lower systolic pressure confers more than a one half reduction in stroke risk . The size, of effect were not clearly different in men and women, although few women were included in these studies. Additionally the sizes of effect on fatal and non-fatal stroke were not clearly different, although only two studies provided data on non-fatal stroke. Furthermore, the sizes of the effect were not clearly different in individuals who would usually be classified as normotensive and those who would usually be classified as hypertensive.
Data on the separate associations of blood pressure with ischaemic and haemorrhagic stroke were not available from most of the studies referred to above. However, these associations have been investigated in several Japanese prospective observation studies (15) (16) (17) (18) . In general these studies have reported direct associations of blood pressure with both types of stroke, but the strengh of the associa- 
Secondary Incidence of Stroke
The foregoing evidence of continuous, direct associations between usual blood pressure levels and the incidence of stroke derives entirely from studies of individuals, most of whom did not have diagnosed cerebrovascular or coronary disease, and all of whom had no recorded history of stroke or myocardial infarction prior to study entry. Few data are available from prospective observational studies on the relationship between blood pressure and recurrent stroke among individuals with a history of cerebrovascular disease. However, unpublished analyses from at least one study (19) suggest that after minor stroke or transient ischaemic attack, the risk of recurrent cerebrovascular events are directly and continuously related to blood pressure levels throughout the entire distribution of blood pressure.
Systolic Versus Diastolic Blood Pressure
Data from the Framingham Study (7) and others indicate that there is a high degree of colinearity between usual systolic and usual diastolic blood pressure. Typically, the correlation between single measurements of systolic and diastolic blood pressure is about 0.7-0.8 (20) . (This is about the same as the correlation between repeated measures of either systolic pressure or diastolic pressure). Inevitably the correlation between usual systolic and usual diastolic blood pressure will be even greater, since it will not be diluted by the random error that affects measurements of blood pressure made on a single occasion (see above). For example, within the range of usual blood pressures observed in the Framingham Study (diastolic 76-105 mmHg, systolic 123-175 mmHg), there was about a 1.9 mmHg increment in usual systolic blood pressure for every 1 mmHg increment in usual diastolic pressure. Hence the difference in disease risk associated with a 5 mmHg difference in usual diastolic pressure was also associated with about a 9 mmHg difference in usual systolic blood pressure. The very high degree of co-linearity between systolic and diastolic blood pressure makes it very difficult to determine any independent contribution of each of these components of blood pressure to disease risk. In theory, if accurate estimates of each individual's usual systolic and usual diastolic blood pressures were available, it might be possible in regression analyses to determine whether there were independent contributions to risk of each of the blood pressure components. In practice, however, such estimates are not available from most prospective observational studies.
Efforts to delineate the independent contributions of systolic and of diastolic blood pressure have therefore focussed entirely on crude unadjusted baseline blood pressure measurements from prospective observational studies (20) . In general, these analyses have suggested that systolic blood pressure measured on a single occasion confers additional prognostic information to that conferred by diastolic blood pressure measured on a single occasion. Unfortunately, however, it is not possible to determine whether measurements of systolic pressure would confer important additional prognostic information to that conferred by a more accurate estimate of usual diastolic pressure (which would itself increase by 60% the prognostic value of the blood pressure measurement (1)). It is of course possible that among individuals with the same usual diastolic pressure, the level of usual systolic pressure could be an independent determinant of the risks of stroke and of coronary disease. Similarly the level of usual diastolic pressure could well be a determinant of risk among those with the same usual systolic pressure. However, to determine reliably the independent and additional contributions, if any, of these components of blood pressure would require prospective, observational studies involving several hundred thousand individuals, with repeated measurements of blood pressure for all participants.
Causality in the Relationship between Blood Pressure and Stroke
Primary Incidence o f Stroke The strength and consistency of the association between blood pressure and the primary incidence of stroke suggest that the relationship is a causal one. This is further supported by the apparent independence of this association from the effects of potential confounding factors such as age, blood cholesterol and smoking. While it is possible that some other factor such as obesity or diabetes could predispose both to blood pressure elevation and to stroke, it is unlikely that such confounding could explain much of the observed relationship. There is a strong biological rational for expecting blood pressure to have a direct effect on the development of cerebrovascular disease (21); but the strongest evidence of causality comes from the results of randomised trials of antihypertensive therapy. An update of an earlier overview of these trials (2) indicates that a blood pressure reduction of about 5-6 mmHg diastolic and 10-12 mmHg systolic confers a reduction of about 38% (SD 4) in stroke incidence, within just a few years of beginning treatment (Fig. 4) .
The results of the prospective observational studies described above suggest that the eventual effects (i( e. over decades) of such a difference in usual blood pressure would be a reduction in stroke incidence of about 35-40%. Thus it appears that after only a few years of treatment much or all of the long-term potential stroke avoidance was achieved. Moreover, for the most part these benefits were obtained using diuretics -drugs that are not known to have positive effects on cardiovascular risk fac-tors other than blood pressure. (Indeed these drugs may have slightly adverse effects on risk factors such as blood cholesterol (22) and blood glucose (23) .) It is therefore unlikely that the effects observed in the trials could be explained substantively by anything other than change in blood pressure.
Secondary Incidence o f Stroke The results of randomised trials also suggest that a similar causal relationship is likely to exist between blood pressure levels and the secondary incidence of stroke. The combined data from the two randomised trials (24, 25) of antihypertensive treatment in patients with a history of cerebrovascular disease suggest that blood pressure reduction with diuretics reduced the risk of stroke (38% SD 16; 2p = 0.02) by about the same proportion as that observed in other trials of antihypertensive treatment (38% SD 5; 2p<0.001) (Fig. 4 ).
The Prevention of Stroke by Blood Pressure Reduction
Implications for Primary Prevention The results of the prospective observational studies described above suggest that a reduction in the average blood pressure of an adult population should confer reductions in the primary incidence of stroke. Certainly, the results of randomised trials of antihypertensive treatment attest to this among individuals with high blood pressure, among whom a reduction of just 5-6 mmHg diastolic and 10-12 mmHg systolic produced a reduction of more than a third in the primary incidence of stroke. However, if it was possible to produce a downward shift in the entire distribution of blood pressure in a population, the incidence of stroke should be reduced throughout the population and not just among those with particularly high blood pressure. Changes in the blood pressure distribution of a population might be brought about over a decade or more by gradual changes in the typical population diet or Fig. 4 . Overview of results from 17 randomised trials of the effects of antihypertensive therapy on stroke incidence. The ratio of odds of stroke in the treatment group to that in the control group is plotted for each trial (black square: area proportional to number of deaths), along with the 99% confidence interval (horizontal line). The presence of a black square to the left of the solid vertical line suggests benefit (but this benefit is significant at the level of 2p<0.01 only if the entire confidence interval is to the left of the solid vertical line). An overview of all of the trial results (and 95% confidence interval) is represented by a diamond, besides which is given the overall reduction in stroke.
lifestyle. While there remains some uncertainty about the determinants of population blood pressure levels, there is now sufficient evidence to conclude that moderate reductions in blood pressure would be achieved by sustained reductions in caloric intake (26) , sodium intake (27), or alcohol intake (28). The potential importance of reducing blood pressure-related morbidity and mortality throughout the population and not just in those who might be classified as hypertensive is illustrated by data from the prospective observational studies described above (Table 3 ). These data indicate that about 80 % of strokes occurred in the 95% of individuals with a usual diastolic blood pressure less than about 95 mmHg and a usual systolic blood pressure less than about 155 mmHg. Although such "normotensive" individuals were generally at lower absolute risk of stroke than were "hypertensives", the very large number of normotensives relative to hypertensives and the continuous nature of the relationship between blood pressure and stroke, resulted in most strokes occurring in individuals with so-called "nor-mal" blood pressure (Fig. 5 ). Hence, of all the deaths and serious vascular events that would be prevented by a downward shift in the distribution of population blood pressures, it would appear from these data that about four-fifths would be prevented among normotensives. Thus not only is the burden of stroke greater in normotensives than hypertensives (29) , but so too is the potential for blood pressure-related prevention. Since most normotensive individuals would not be considered appropriate candidates for blood pressure lowering medication (unless, perhaps, they were for some other reason at particularly high risk of stroke -see below), the greatest potential for stroke prevention is through diet and lifestyle changes that would lower blood pressure levels throughout the population.
Estimates of the absolute effects on annual stroke mortality likely to be conferred by a moderate decline in adult population blood pressure levels are given for several countries in Table 4 . These estimates are based on WHO data on international stroke death rates (30) (31) (32) and the results of the prospective observational studies described above indicating that a decline of 5 mmHg in diastolic pressure accompanied by a 9 mmHg decline in systolic pressure would confer about one-third less stroke. The potential for such declines in population blood pressure to occur is clearly indicated by the existence today of differences of this magnitude or larger between the average blood pressures of many adult populations in different geographic regions around the world (33) . Thus in Japan a downward shift in the population blood pressure distribution of 9l5 mmHg could be expected to result in the prevention each year of about 40,000 stroke deaths. Such a decline in blood pressures could also be expected to prevent at least as many non-fatal strokes. However, if the relationship between blood pressure and stroke risk is even steeper in Asian subdivided by base-80% of all strokes populations than in Western populations (as a consequence perhaps of the larger proportion of haemorrhagic stroke), then the benefits of such a decline in blood pressure would be even greater.
The absolute effects on stroke of a downward shift in blood pressure distributions would be greatest in large populations, particularly those with high rates of stroke. In the USA, a 9/5 mmHg decline in population blood pressures would be expected to prevent in excess of 50,000 deaths from stroke each year. In the states that formerly comprised the USSR, stroke death rates are almost four times greater than those in the USA; therefore, such a decline in population blood pressure could be expected to prevent more than 180,000 stroke deaths each year (and perhaps two-thirds of a million serious cardiovascular events in total) . In China, stroke mortality rates are similar to those observed in the states of the former USSR and a 9/5 mmHg decline in blood pressures in China could be expected to result in the avoidance of at least 400,000 deaths from stroke each year, and perhaps more than a million serious cardiovascular events in total.
Implications for Secondary Prevention
The few observational data available about secondary stroke incidence (14) and the results of the two randomised trials of antihypertensive therapy in patients with a history of cerebrovascular disease (24, 25) suggest that a reduction in blood pressure among those with a history of TIA or minor stroke could confer particularly worthwhile benefits. As described above, the antihypertensive trial results have indicated similar relative reductions in the primary (38% SD 4) and secondary (38% SD 16) incidence of stroke. Therefore, the absolute effects in the secondary prevention studies were substantially larger than those in the primary prevention studies because patients with a history of cerebrovascular disease are at much greater stroke risk than are others. On average over about 6 years of follow-up, allocation to treatment resulted in about one less stroke among every 10 patients with a history of cerebrovascular disease . It is possible that blood pressure lowering treatment might produce similarly worthwhile effects for the other threequarters of patients with a history of cerebrovascular disease but without hypertension. Even if antihypertensive drugs were to reduce blood pressure 
Summary and Conclusions
The available data from prospective observational studies of individuals without a history of serious cardiovascular disease indicate that usual levels of blood pressure are directly and continuously related to the risk of stroke. The strength of this association has been substantially underestimated by many previous analyses that have not taken account of the unreliability with which blood pressure levels are typically assessed in such studies. Correction for this "regression dilution bias" increases by about 60 % the strength of the association between blood pressure levels and stroke risk. After appropriate adjustment for this bias, the data from prospective observational studies indicate that a prolonged difference in usual blood pressure levels of just 9/5mmHg would confer about a one-third difference in stroke risk. The same data indicate that the associations between blood pressure and stroke risk are of similar size in individuals who might be classified as hypertensive and in those who would usually be considered normotensive. Moreover, because most cardiovascular events occur in normotensive individuals (since they make up the large majority of most populations), the burden of blood pressure-related stroke risk is actually greater in normotensives than hypertensives. The results of randomised trials of antihypertensive treatment strongly suggest that the observed relationship of blood pressure with stroke is causal. Hence changes in the blood pressure of populations or individuals are likely to alter the incidence or risks of stroke. For large populations in which stroke is common, it is apparent that a relatively small change in the blood pressure distribution could have large effects on stroke mortality and morbidity. In China, for example, a downward shift of 9/5 mmHg in the distribution of blood pressure could be expected to prevent about 400,000 deaths from stroke each year. For individuals, the benefits of blood pressure reduction are likely to be greatest in those at highest risk of serious potentially preventable events, such as those with a history of cerebrovascular disease. Since the available data suggest that blood pressure reduction is likely to benefit normotensives as well as hypertensives, it is possible that the absolute benefits of any given reduction in blood pressure would be greater for normotensive individuals with a history of cerebrovascular or coronary disease than for individuals with uncomplicated hypertension. However, this re-quires verification in a randomised trial. In general, the data from prospective observational studies of the relationship between blood pressure and stroke risk suggest that there is much potential for the prevention of blood pressure-related morbidity and mortality in those with average or below average blood pressures, as well as in those with hypertension.
